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Telomeres protect chromosome ends from be-
ing detected as lesions and from triggering DNA
damage checkpoints. Paradoxically, telomere
function depends on checkpoint proteins such
as ATM and ATR, but a molecular model ex-
plaining this seemingly contradictory relation-
ship has been missing so far. Here we show
that the DNA damage machinery acts on telo-
meres in at least two independent steps. First,
the ATR-dependent machinery is recruited to
telomeres before telomere replication is com-
pleted, likely in response to single-stranded
DNA resulting from replication fork stalling.
Second, after replication, telomeres attract
ATM and the homologous recombination (HR)
machinery. In vivo and in vitro results suggest
that the HR machinery is required for formation
of a telomere-specific structure at chromosome
ends after replication. Our results suggest that
telomere ends need to be recognized as DNA
damage to complete end replication and to
acquire a structure that is essential for function.
INTRODUCTION
The maintenance of genomic stability relies on accurate
duplication of the genome and on continuous monitoring
of chromosomal integrity. When genomic DNA is dam-
aged or replication is stalled, cells respond by activation
of evolutionarily conserved signal transduction pathways
that delay cell-cycle progression and induce repair of
lesions. During S and G2 phases of the cell cycle, when
identical sister chromatids are present, homologous
recombination (HR) is the preferred pathway for repair of
double strand breaks (DSBs), which can be a conse-
quence of stalled replication forks (Haber, 2000).
HR-based repair begins with recognition of the damage
site, followed by recruitment of repair proteins that work in
concert with the DNA damage signalingmachinery to slow
down fork progression before the cell enters G2. TheMRNCcomplex (MRE11-NBS1-RAD50) is one of the first com-
plexes to be recruited to the lesion (Carson et al., 2003;
Lewis et al., 2004). This is followed by activation of Phos-
phatidyl-Inositol 3 Kinase-like protein Kinase (PIKK) family
members ATM and the RAD3-related ATR kinase by the
MRN complex (Carson et al., 2003; Jazayeri et al., 2006).
Activation of these kinases triggers signals that will halt
the cell cycle to permit DNA repair. While a stalled replica-
tion fork exposes long tracks of single-stranded DNA
(ssDNA), a DSB has to be processed to yield 30 single-
stranded overhangs. In both cases, the exposed ssDNA
will be coated by Replication Protein A (RPA), which pro-
tects the DNA against degradation and inhibits formation
of secondary structures (Alani et al., 1992). RPA coating
enhances both the proper recruitment of ATR and
RAD17 binding to the ssDNA, which leads to recruitment
of the 9-1-1 (RAD9-RAD1-HUS1) complex (Zou and
Elledge, 2003; Zou et al., 2003). The 9-1-1 complex can
recruit and stimulate Flap-endonuclease 1 (FEN1) and
DNA polymerase b and collaborate with ATR, RAD17,
and the MRN complex to restart a stalled fork (Friedrich-
Heineken et al., 2005; Wang et al., 2004b). In case of
a break, the ssDNA will invade the homologous duplex
DNA, forming a hetero-duplex joint, called displacement
loop (D loop). The enzymatic processes that lead to
D loop formation are homologous pairing and strand ex-
change, catalyzed by RAD51 and stimulated by RAD52,
RAD55/RAD57, and RAD54 (Alexeev et al., 2003; Suga-
wara et al., 2003; Sung, 1997). Next, using the homolo-
gous sequence as template, the invading strand primes
DNA synthesis, which leads to the formation of a double
Holliday junction. After its resolution by RAD51C-
XRCC3-dependent resolvase activity (Liu et al., 2004), ge-
netic information disrupted at the DSB is restored.
To maintain a stable genome, the cell must avoid cell-
cycle arrest or cell death due to detection of natural
ends. Telomeres, the natural ends of linear chromosomes,
consist of kilobases of repetitive G-rich DNA. Telomeres
end in a 30 G-rich single-stranded overhang, and it has
been suggested that this overhang can invade the dou-
ble-stranded telomeric tracts, displacing the homologous
strand of the same telomere. Consequently a telomere
forms a large lasso-like structure, called the t loop, with
a D loop at the invasion site (Griffith et al., 1999).ell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc. 709
It has been proposed that the t loop is essential for
proper telomere function and could play a crucial role in
hiding chromosome ends from the DNA damage response
machinery. Telomeres that fail to hide their ends trigger
a DNA damage response that leads to cell-cycle arrest
and/or apoptosis (de Lange, 2002, 2005). In addition, pro-
cessing of exposed telomeres by HR-dependent repair
could generate interchromosomal recombination events
that will lead to elongation of the telomeric tracts. The
last scenario is the mechanism proposed to lead to ALT
(alternative lengthening of telomeres) dependent telomere
elongation in the absence of telomerase (Dunham et al.,
2000; Varley et al., 2002).
Despite the potential relevance of the t loop for telomere
function, little is known about the proteins involved in loop
formation and the effects of replication on telomere sec-
ondary structure. Generation of the 30 overhang after rep-
lication by nucleolytic attack in 50 to 30 direction (Makarov
et al., 1997) and invasion of the homologous telomeric
sequence are required steps for t loop formation. These
steps are strikingly similar to the initial stages observed
during HR-dependent repair, which are generation of
a 30 single-stranded overhang at the break site, followed
by invasion of homologous duplex DNA.
However, this is not the only connection between telo-
meres, the DNA damage response, and DNA repair pro-
teins. A number of reports have shown that mutations
affecting the nuclease activity of MRE11 lead to a reduc-
tion in length of the telomeric 30 overhang in yeast (Larrivee
et al., 2004; Takata et al., 2005). ATM and ATR kinases
have been linked to telomere homeostasis and elongation
in Saccharomyces cerevisiae, Saccharomyces pombe,
and Arabidopsis thaliana (Chan and Blackburn, 2003;
Naito et al., 1998; Ritchie et al., 1999; Vespa et al.,
2005). RAD9, yeast RAD17, and RAD24, all components
of the 9-1-1 complex, are also linked to telomere homeo-
stasis in mammals and nematodes (Ahmed et al., 2001;
Ahmed and Hodgkin, 2000; Pandita et al., 2006). Similarly,
the HR proteins RAD51D and RAD54 were observed to
be involved in telomere protection and maintenance in
mice (Jaco et al., 2003; Tarsounas et al., 2004). In yeast,
a RAD52-dependent amplification of telomeric TG1-3
repeats was observed in telomerase-deficient strains (Iva-
nov et al., 1996; Le et al., 1999; Lundblad and Blackburn,
1993). This relationship between telomere homeostasis
and DNA repair/damage proteins supports the hypothesis
that there is an overlap in the machineries that process
DNA lesions and the chromosome ends.
Here we demonstrate that at least two separate DNA
damage signals are triggered during replication and pro-
cessing of human telomeres. First, an ATR-dependent
damage response is initiated when single-stranded DNA
accumulates at telomeres, probably as a result of uncou-
pling replicative unwinding and polymerization potentially
due to stalled replication forks. This leads to the recruit-
ment of damage and repair factors required to restart rep-
lication. Then, after replication, telomeres are recognized
asDSBs and processed byHR factors to acquire a protec-710 Cell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc.tive structure. Here we propose a model suggesting that
a relationship between telomeres, DNA replication, and
the DNA damage machinery is essential for formation of
a functional telomere.
RESULTS
BrdU Incorporation into Telomeres Exhibits
Two Peaks in Primary Human Fibroblasts
In S. cerevisiae it has been reported that telomeres repli-
cate during late S phase of the cell cycle (Ferguson
et al., 1991; Wellinger et al., 1993; Yamashita et al.,
1997). To assess the timing of telomere replication at
high resolution in primary human fibroblasts, we com-
bined BrdU incorporation assays with chromatin immuno-
precipitations (ChIPs) using antibodies against telomeric
proteins and measured the presence of BrdU in the pre-
cipitated telomeric repeats by western analysis. Young
primary diploid lung fibroblasts (IMR90) were synchro-
nized at the G1/S boundary by a Thymidine/Aphidicolin
block. Cell-cycle progression was analyzed by fluores-
cence-activated cell sorting and histone H3 phosphoryla-
tion (Figure 1A and not shown), and DNA content was
used as approximate reference for cell-cycle phases.
After release from the G1/S block cells pass through S
phase during the 2 to 8 hr time points and accumulate
a 4n DNA content, enter M phase at 10 to 12 hr, divide,
and re-enter G1 phase. Prior to harvest of each individual
time point, the cells were incubated with BrdU for 1 hr
(Figure 1B). Analysis of samples resulting from precipi-
tations with antibodies against TRF1 and TRF2 demon-
strated that the majority of BrdU was incorporated
between 3 and 8 hr post-release (Figure 1C), confirming
that telomeres replicate throughout S phase (Wright
et al., 1999). However, a second peak of BrdU incorpora-
tion was noted around 10 hr post-release, whenmost cells
had a G2 DNA content (Figure 1C). Southern analysis with
a telomeric probe indicated the presence of TTAGGG
repeats at all time points (Figure 1D). Analysis of total
genomic DNA did not reveal a prominent peak of BrdU in-
corporation 10 hr post-release; however, due to the low
resolution of the assay on total DNA, we cannot exclude
specific BrdU incorporation at this time point at regions
in the genome other than telomeres.
Previous observations suggest that telomere ends un-
dergo a cell-cycle-dependent change in structure, and
the damage machinery detects this event in G2 (Verdun
et al., 2005). We consequently hypothesized that the
observed BrdU incorporation pattern could indicate late
replication of parts of the telomeres, or telomere process-
ing. Since we do not expect late replication or processing
to be perfectly synchronous, we were not surprised to ob-
serve a certain degree of overlap between the two BrdU
incorporation peaks.
An alternative explanation for BrdU incorporation into
telomeres late in the cycle could be offered by telomeric
C strand synthesis by DNA polymerases, following elon-
gation of the G strand (Dionne and Wellinger, 1996; Fan
Figure 1. Telomeres Incorporate BrdU in
a Two-Peak Pattern
(A) FACS analysis of IMR90 cells released from
a G1/S block. Time after release and approxi-
mate cell-cycle phases are indicated.
(B) Schematic of BrdU-ChIP experiments. Syn-
chronized IMR90 fibroblasts were released,
and BrdU was added to the medium 1 hr prior
to harvest.
(C) ChIP experiments on synchronized IMR90
cells incubated with BrdU as described in (A).
Precipitations were performed with antibodies
against TRF1 and TRF2. The precipitated
DNA was analyzed with anti-BrdU antibodies.
The graph represents the densitometric evalu-
ation of three independent experiments, with
error bars indicating the standard deviation.
The total DNA represents 0.1% of genomic
DNA.
(D) Telomeric ChIP of the precipitated DNA.and Price, 1997). However, since it has been suggested
that G strand elongation by telomerase and C strand syn-
thesis are coordinated (Diede and Gottschling, 1999; Fan
and Price, 1997), and the primary cells used in the exper-
iments here do not express hTERT and do not exhibit de-
tectable telomerase activity in vitro, we favor the explana-
tion of a repair or restart of replication at telomeres.
DNAReplication Factors Are Recruited to Telomeres
To study the telomeric BrdU incorporation pattern, we
performed ChIP assays in synchronized IMR90 cells using
antibodies against components of the DNA replicationand repair machineries. The precipitates from these as-
says were analyzed by Southern blot with a telomeric
probe or a probe against ALU repeats, to evaluate the dis-
tribution of these proteins throughout the genome (Verdun
et al., 2005).
The two-peak distribution of BrdU incorporation into
telomeres (Figure 1C) raised the possibility of a switch
from a high-fidelity polymerase to a low-fidelity enzyme,
as observed at DNA lesions such as stalled replication
forks. ChIP analysis of DNA polymerase b at telomeres re-
vealed telomere-specific recruitment of the enzyme prior
to the second BrdU peak (8 hr post G1/S release,Cell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc. 711
Figure 2. Proteins Involved in DNA Repli-
cation and Repair Are Recruited to the
Telomeres
(A) Protein extracts from synchronized IMR90
cells were subjected toChIP experiments using
indicated antibodies. IgG antibodies were used
as negative control. An indicated amount of to-
tal DNA (input) was subjected to Southern blot
analysis using telomeric or ALU repeat-specific
probes. The signals obtained were quantified
by densitometry, and the percentage of precip-
itated DNA was calculated as a ratio of input
signals and plotted. Three independent exper-
iments were evaluated, and error bars indicate
the standard deviation.
(B) As in (A), using antibodies against proteins
in the replication machinery. Three indepen-
dent experiments were evaluated, and error
bars indicate the standard deviation.Figure 2A). It has been demonstrated that components
of the 9-1-1 complex stimulate polymerase b activity, but
not polymerases a, g, or d (Toueille et al., 2004). Con-
sequently, the presence of polymerase b and the 9-1-1
complex at telomeres, as evidenced by the localization
of RAD1 and RAD17 to telomeric DNA (Figure 2A), sug-
gests repair and a replication restart at telomeres.
When a replicative bypass is completed, the primer ter-
minus is again occupied by high-fidelity polymerases to
continue processive replication (Friedberg et al., 2005;
Plosky and Woodgate, 2004). Consequently we found
that the replication proteins DNA polymerase a, Proliferat-
ing Cell Nuclear Antigen (PCNA), Flap Endonuclease 1
(FEN1), and RPA34 were present in high concentrations
at telomeres before the second BrdU peak (Figure 2B).
The low ALU repeat signal observed for these proteins 8
to 10 hr post G1/S release suggests that this was a telo-
mere-specific event, as opposed to the localization of
this group of proteins to telomeres and genomic DNA ear-
lier in the cell cycle (Figure 2B). These results suggest that
telomeres can be partially late replicating, as observed by
BrdU incorporation (Figure 1C). RPA34 was present at
telomeres mainly from 6 to 10 hr post-release, suggesting
the exposure of ssDNA (Figure 2B), potentially due to
opening of a telomere-specific structure and conse-
quently exposure of single-stranded DNA, or due to repli-
cation fork stalling and uncoupling of polymerization and
unwinding activities.
We recognize that DNA polymerase a loading occurs
prior to the second peak of BrdU incorporation, and we
attribute this to the resolution of the assays, as well as to
the fact that DNA polymerase a has to act before we
can detect BrdU-labeled DNA.
In summary, the specific loading of DNA polymerase
b and polymerase a to telomeres (Figure 2A) is indicative712 Cell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc.of a switch between low- and high-fidelity polymerases,
indicating repair or a restart of replication.
DNADamage Signals Are Triggered during Telomere
Replication and Processing
The repair of a DNA lesion is synchronized with a DNA
damage signal required for recruitment of the repair ma-
chinery to the damage site. It has been demonstrated
that a replication block leads to uncoupling of polymeriza-
tion and helicase activities, resulting in long stretches of
single-stranded DNA (Walter and Newport, 2000). To
further analyze the replication and repair process at
telomeres, and since replication-associated single-strand
accumulation and repair is primarily ATR dependent, we
performed ChIP analysis with antibodies against ATR
and the ATR target RAD17, which was compared with
the previously reported recruitment of MRE11 and ATM
(Verdun et al., 2005). ATR was found at telomeres mainly
in late S phase, slightly preceding the localization of
phosphorylated RAD17 to TTAGGG repeats (Figure 3A).
Directly after G1/S release S645-RAD17 was found at
telomeric and ALU repeat DNA, likely due to a damage
response triggered by the Aphidicolin block (Liu et al.,
2003). However, the specific phosphorylation of RAD17
at serine 645 8 hr post-release suggests that ATR is active
at telomeres later in the cell cycle (Figure 3A).
Additionally, MRE11 exhibited two main recruitment
phases to telomeres, the first 4 hr post-release, preceding
the loading of ATM and ATR, and the second 8 hr post-
release, just before the main recruitment of ATM (Fig-
ure 3A). The presence of ATM and ATR at telomeres and
the overlap with MRE11 suggests that the PIKK family
members act together at telomeres from late S phase to
G2 in response to DNA damage signals, as demonstrated
previously at double-strand breaks (Jazayeri et al., 2006).
Figure 3. DNA Damage Proteins Are Recruited to the Telomeres
(A) Protein extracts from synchronized IMR90 cells were subjected to ChIP experiments using the indicated antibodies. IgG antibodies were used as
negative control. An indicated amount of total input DNA was subjected to Southern blot analysis using telomeric or ALU repeat-specific probes. The
signals obtained were quantified by densitometry, and the percentage of precipitated DNA was calculated as a ratio of input signals and plotted.
Three independent experiments were evaluated and error bars indicate the standard deviation.
(B) As in (A), using antibodies against proteins involved in homologous recombination. Three independent experiments were evaluated, and error bars
indicate the standard deviation.Moreover, the overlap in the loading of RPA34 together
with the 9-1-1 complex and ATR correlates with the poten-
tial ofRPA34 to recruit theseDNAdamage factors to aDNA
damage site (Zou and Elledge, 2003; Zou et al., 2003).
Altogether, these data suggest that there are at least
two distinct DNA damage signals triggered at telomeres
during replication and processing. The first occurs when
replication stalls at telomeres. The DNA damage machin-
ery recognizes this event as a DNA lesion, leading to the
recruitment of DNA polymerase b, ATR, RPA34, MRE11,
and ATM. BrdU incorporation and the presence of replica-
tion proteins, such as DNA polymerase a and PCNA, in
addition to FEN1 and RPA34, are in agreement with the
consequential restart of telomere replication. All these
events show a high similarity to the ones observed during
repair of a stalled replication fork. The second phase of
damage recognition is prompted by the replication of telo-
mere ends, generating blunt ends and short 30 overhangs
that are recognized as DSBs by the ATM/MRE11-depen-
dent DNA damage machinery.
Here we propose that the second DNA damage signal-
ing triggered at telomeres leads to activation of homolo-
gous recombination and repair machineries, required for
end processing. Antibodies against RAD51 and RAD52Cdetected these factors at telomeres, as well as at ALU re-
peats (Figure 3B). However, XRCC3 increases in concen-
tration at telomeres specifically 8 to 12 hr post-release
from a G1/S arrest, suggesting the resolution of a homolo-
gous recombination event at telomeres (Figure 3B).
HRFactors Are Required for Generation of Telomeric
D Loops in an In Vitro D Loop Assay
The similarity in structure between Holliday junction inter-
mediates and the proposed t loop structure proposes that
the HR pathway could be involved in loop generation after
DNA damage is detected at telomeres (Figure 4A). One in-
terpretation, resulting from the observation that the HR
machinery localizes to telomeres, is that this repair path-
way is required for the formation of a protective structure
after telomeres have been fully replicated and overhangs
have been generated. Since it is not feasible to prepare
samples for microscopic loop analysis every 2 hr from
synchronized primary cells, we developed an in vitro sys-
tem. Based on the concept that the t loop is the intrinsic
result of D loop formation, we modified a previously
described in vitro D loop assay to evaluate the proteins re-
quired for formation of a D loop with telomeric sequences
(Baumann et al., 1996; Mazin et al., 2000; Mazina andell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc. 713
Figure 4. Homologous Recombination
Can Generate a D Loop Structure with
Telomeric Sequences In Vitro
(A) Schematics suggesting structural similari-
ties between Holliday junction intermediates
and telomeric D loops.
(B) Schematics showing the steps of the D loop
in vitro assay. The length of the double- and
single-stranded telomeric probe is indicated.
Only the telomeric probe was radioactively
labeled (marked with a star).
(C) The D loop in vitro assay was performed
with different probes and reaction conditions
as indicated. 30, telomeric probe with a unique
30 G-rich telomeric overhang. 50, telomeric
probe with a 50 C-rich telomeric overhang. B,
telomeric probe with both ends blunt. 30nt,
probe with double-stranded telomeric region
as in (30), but with a 30 nontelomeric overhang.
70C, nuclear extract preheated to 70C for 5
min before reaction. The signals corresponding
to the D loop formation or free probe are indi-
cated on the left. The EtBr panel shows the
upper region of the gel prior to exposure to
evaluate plasmid loading and integrity. The
asterisks mark the new plasmid form observed
after D loop formation.
(D, E, and F) D loop assays were performed
with nuclear extracts (IMR90 cells) previously
depleted of the indicated proteins. The signals
corresponding to the loop or free probe are in-
dicated at the left.Mazin, 2004; McIlwraith et al., 2000). In this assay, a
labeled telomeric fragment with a 30 telomeric overhang
is incubated with a plasmid containing telomeric repeats
in the presence of nuclear extract (Figure 4B). The nuclear
extract was dialyzed to extract nucleotides and hence
avoid possible polymerization. After 10 min of incubation
at 37C and electrophoresis, gels were exposed to ana-
lyze the distribution of the labeled telomeric fragment.
Integrity and equal loading is checked by visualization of
EtBr signals (Figure 4C). A plasmid that has been unwound
to permit the invasion of ssDNA appears as a highly neg-
atively super-coiled structure and consequently migrates
faster on gels.
Three different migration forms were detected (Fig-
ure 4C): the free probe and two signals that represent
the super-coiled and nicked or relaxed form of the plas-
mid, as confirmed by digesting the plasmid with a single
cutter endonuclease, which resulted in the appearance
of the upper band alone (data not shown). A new plasmid
form that migrates faster in the Agarose gel (asterisk in
EtBr panel, Figure 4C) was observed only in lanes with ra-
dioactive signal, which correlates with the formation of a714 Cell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc.D loop structure in the plasmids. Further characterization
of the assay revealed that the signals are protein, time,
ATP, Ca2+, and Mg2+ dependent (Figure 4C) (Mazina and
Mazin, 2004). A telomeric probe with blunt ends or a non-
telomeric 30 overhang did not result in a signal, indicating
that correct base pairing with the acceptor molecule is re-
quired (Figure 4C). A probe with a telomeric 50 C-rich over-
hang led to signals of similar intensities as the ones ob-
tained with a telomeric 30 G-rich overhang (Figure 4C).
Similar results were reported when a nontelomeric system
with either a 30 or a 50 overhang was capable of generating
a D loop in vitro (Mazin et al., 2000; McIlwraith et al., 2000).
Although a 50 telomeric overhang has not been described
in human cells, this result shows that the nuclear extract
does not discriminate between overhang polarities when
generating a telomeric D loop. Altogether, these results
confirm that the signals observed are due to D loop forma-
tion by the invasion of the telomeric overhang into duplex
telomeric DNA. The controls for the in vitro assay de-
scribed above are summarized in Table S1.
To analyze which proteins are involved in the D loop
generation in vitro we depleted proteins from nuclear
extracts using specific antibodies. Western analysis con-
firmed depletion of the proteins analyzed (Figure S1A).
The results demonstrate that the HR proteins RAD51
and RAD52 were essential for loop generation in vitro
(Figure 4D). When recombinant RAD51 protein was added
to RAD51-depleted nuclear extract, D loop formation ac-
tivity was restored (Figure S2B). Furthermore, the results
suggest that XRCC3, which together with RAD51C is in-
volved in the resolvase activity of Holliday junctions (Liu
et al., 2004), was also essential for successful completion
of the reaction; however, the RecQ helicases BLMorWRN
were not required (Figure 4D). These results demonstrate
that HR proteins possess the activity to form a D loop
structure by invasion of a single-stranded telomeric repeat
into double-stranded telomeric DNA.
Analysis of the telomeric proteins TRF1, TRF2, and TIN2
revealed that they are required for loop assembly (Fig-
ure 4E). Depletion of any of these three proteins inhibited
efficient invasion of the probe. Previously, TRF2 has
been suggested to play a role in loop formation when it
was observed that incubation of telomeric fragments
with purified TRF2 led to in vitro formation of loops (Stan-
sel et al., 2001). At this point it is unclear whether TRF2
brings the linear and the circular fragment together by
forming higher-order protein complexes by multimeriza-
tion. TRF1 has been observed to catalyze the parallel pair-
ing of double-stranded telomeric tracts (Griffith et al.,
1998), which represents a potential step in loop formation.
TIN2 has been suggested to be involved in bridging the
TRF1 and TRF2 complexes (de Lange, 2005), potentially
a step required for loop formation in vitro. Consequently
we analyzed complex formation during the immunopre-
cipitations and found that TRF1 and TIN2 antibodies are
able to pull-down TRF2 (Figure S2B). Recovery experi-
ments with recombinant TRF1 or TRF2 suggested that
TRF2, but not TRF1, is capable of restoring D loop activity
(Figure S2D). These experiments also exclude the possi-
bility that factors required for HR are co-depleted with
TRF antibodies since reconstitution of the extracts with
purified TRF2 alone was sufficient to re-establish looping
activity.
Next, we tested the requirement of proteins involved in
DNA damage signaling and processing for loop formation.
ATR, RPA34, and NBS1 are required, but ATM, MRE11,
ChK1, RAD1, and RAD17 are not essential for this in vitro
assay (Figure 4F). The activity of ATR, RPA34, and NBS1
potentially reflects a reaction of the DNA damage machin-
ery to the exposed single-stranded 30 overhang. The
depletion of MRE11 did not inhibit D loop formation,
suggesting that only NBS1 but not the MRN complex
was involved in this activity (Figure 4F).
DNA damage factors and repair proteins were mainly
recruited to telomeres from late S phase to the G2/M tran-
sition. Therefore we used the telomeric D loop assay to
evaluate the activity of nuclear extracts from different
cell-cycle phases for competence in loop formation. The
results revealed that the extracts from S phase or G2
phase have the highest looping activity (Figure 5A), whichCis in agreement with the report that HR is most active dur-
ing the S and G2 phases of the cell cycle (Haber, 2000).
Subsequently we evaluated nuclear extracts from dif-
ferent cell lines for their in vitro potential to form D loops.
We compared nuclear extracts from cells that cannot
elongate the telomeres due to a lack of hTERT expression
(IMR90 primary fibroblasts) with cell lines that elongate the
telomeres via telomerase activity (HeLa cells) or by ALT.
All cell lines showed the same requirements for HR factors
(Figure 5B), indicating that the requirement of HR for the
generation of a D loop with telomeric sequences is inde-
pendent of the telomere maintenance mechanism.
DISCUSSION
Differential DNA Damage Signals at Telomeres
The results presented here led us to propose a model of
telomere processing during and after replication, which
is divided in two phases: replication stalling at telomeres
(phase I) and processing of the telomere ends after repli-
cation (phase II) (Figure 6). We propose that in phase I rep-
lication of telomere ends leads to exposure of ssDNA and
creates a structure similar to a stalled replication fork. This
structure is detected by MRE11 and RPA, triggering an
ATR/ATM-dependent response, initiating completion of
telomere replication. In turn, complete synthesis of chro-
mosome ends will lead to a blunt end at the leading strand
and a product with a short 30 overhang at the lagging
strand. We propose that these telomere ends trigger an
ATM-dependent damage signal (phase II), as evidenced
by the recruitment of MRE11 and ATM to the telomeres
at G2-M (Verdun et al., 2005), which potentially triggers
the processing of the ends to generate long 30 overhangs.
Finally, the 30 overhangs invade the double-stranded telo-
meric sequences in a HR-dependent reaction, forming
a protective structure.
A Paradox: The Damage Machinery at Telomeres
The main function of telomeres in primary cells is to pro-
tect chromosome ends, as evidenced by reports demon-
strating that alteration of the telomeric complex triggers
a DNA damage response that leads to cell-cycle arrest
and/or apoptosis (de Lange, 2005; Garvik et al., 1995).
However, several reports suggest that proteins involved
in theDNAdamage response are required for telomere ho-
meostasis (Ahmed and Hodgkin, 2000; Takata et al., 2004,
2005; Zhu et al., 2000). Additionally, mutations of HR pro-
teins cause defects in telomere length maintenance mam-
mals (Tarsounas et al., 2004), suggesting that telomere
stability is dependent on activity of the DNA repairmachin-
ery; but a model proposing a mechanism behind this rela-
tionship has been missing.
Here we suggest that after a DNA damage response is
triggered at telomeres, DNA repair and DNA replication
proteins are recruited, and these proteins play a role in
the completion of replication at the chromosome end. In
addition, we show that these proteins are required for
the generation of a D loop with telomeric sequencesell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc. 715
Figure 5. D Loop Formation Is HR
Dependent in Cells with or without Telo-
merase
(A) Three independent assays performed with
nuclear extracts from IMR90 cells at the indi-
cated cell-cycle phases. The quantification is
provided, and error bars indicate the standard
deviation.
(B) D loop assays with nuclear extracts from the
indicated cell lines. The nuclear extracts were
depleted of the indicated proteins using spe-
cific antibodies prior to the reaction. IgG anti-
bodies were used as a negative control. The
signals corresponding to the D loop or free
probe are indicated on the left. The quantifica-
tion represents three independent experi-
ments, and the error bars indicate the standard
deviation.in vitro. We suggest that efficient and complete telomere
replication, which is dependent on the ATR-dependent
damage machinery, is a requirement for formation of
a functional telomere. The generation of a blunt-ended
leading strand product, and a lagging strand product
with a short overhang, is likely necessary for induction of
overhang generation. Only after overhangs have been
generated can invasion and loop formation take place.
Further, without effective mechanisms to monitor telo-
mere replication, telomere length will be deregulated,
eventually prohibiting the formation of an end protection
complex.
We propose that during telomere replication a structure
similar to a stalled replication fork is generated (Figure 6).
Consequently, the exposed ssDNA attracts RPA, which in
turn recruits factors such as MRE11. Following this local-
ized damage response, DNA polymerases are recruited to
process the lesions. The generation of a continuous DNA
lagging strand is dependent on primase, DNA polymer-
ases a, d, and/or 3 with accessory proteins such as
PCNA and RFC, as well as removal of the RNA primer
by FEN1 and resealing of the resulting gap (Baker and
Bell, 1998). Additionally it has been described that the 9-
1-1 complex interacts with DNA polymerase b and FEN1
and is able to enhance polymerase activity in vitro (Frie-716 Cell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc.drich-Heineken et al., 2005; Wang et al., 2004b). The pres-
ence of DNA polymerase a, PCNA, RAD1, and RAD17 and
the localized increase of FEN1 and DNA polymerase b at
telomeres (Figures 2 and 3) is consistent with the restart
of replication after the detection of a DNA damage lesion.
At this point it is unclear whether replication fork stalling is
a consequence of a change in telomeric structure or due
to intrinsic properties of telomeres, such as the repetitive
nature of the sequence. However, fork stalling has been
observed at S. pombe telomeres in a Taz1-negative back-
ground, suggesting that the replication fork needs to co-
operate with telomeric proteins for efficient replication of
the chromosome ends (Miller et al., 2006).
Recently it was reported that TRF2 interacts with and
stimulates FEN1 and DNA polymerase b activities, linking
the telomeric complexes with processing factors (Muftuo-
glu et al., 2006). Moreover, the recruitment of XRCC3, de-
scribed as an essential step for the restart of replication
forks after DNA damage (Henry-Mowatt et al., 2003), to
the telomeres 8 to 12 hr post-release suggests the restor-
ing of replication after t loop opening. Loading of DNA
polymerase b correlates with the switch from a high-
fidelity polymerase (as DNA polymerase a) to a low-fidelity
enzyme, as observed during repair or restart of a stalled
fork (Friedberg et al., 2005). Finally, BrdU incorporation
Figure 6. Proposed Model for Telomere
Processing during and after Replication
in Human Primary Cells
Step-by-step model of telomere end process-
ing during and after replication. Phase I repre-
sents the restart of replication after stalling at
the telomere. Phase II represent a DSB-like
repair/processing by HR after replication of
telomere ends.into telomeres 10 hr post-release from a G1/S block (Fig-
ure 1) suggests that replication of telomeres is still occur-
ring late in the cell cycle, which is in correlation with the
restart of replication after a DNA lesion was detected at
chromosome ends.
ATM plays a dual role at telomeres, activating the DNA
damage response at dysfunctional telomeres and yet pre-
venting this activation at normal telomeres (de Lange,
2005). In addition ATM and ATR have been correlated
with telomere homeostasis and elongation in different or-
ganisms. After replication of telomere ends, a blunt end at
the leading strand and an end with a short 30 overhang at
the lagging strand product are exposed. We propose that
these ends are recognized as DSBs and processed (Ver-
dun et al., 2005 and Figure 3). These observations are in
agreement with recent reports demonstrating that ATR
activity at a DSB or a stalled replication fork is ATM and
MRN dependent (Jazayeri et al., 2006). We suggest that
DNA damage signaling triggered by ATM/ATR in G2 is re-
cruiting DNA repair proteins, such as the HRmachinery, to
restore the DNA lesion at telomeres. The D loop assay
suggests that these proteins are essential for generation
of a D loop with telomeric sequences in vitro, implicating
HR in the formation of the t loop structure in vivo (Figure 6).
HR repair at chromosome internal break sites involves the
invasion of the single-stranded end generated at the le-
sion into a homologous chromosome. At the telomere it
is essential to inhibit this step to avoid telomere recombi-
nation in trans. The activity of the telomeric proteins TRF1
and TRF2 make them attractive candidates implicated in
avoiding an interchromosome invasion, by approximating
the telomere end and the duplex DNA of the same telo-
mere. This activity could be central to the strong TRF-
dependent increase in looping activity with telomeric sub-
strates in vitro. Another interpretation is that binding ofCtelomeric proteins to double-stranded TTAGGG repeats
leads to unwinding of the helix, facilitating invasion of a sin-
gle-stranded homologous sequence. The presence of the
looping activity in S phase extracts also suggests that the
cell is already competent for loop formation at this phase
of the cell cycle. However, chromosome ends need to not
only be fully replicated but also possess a G-tail. At this
point little is known about the timing of such events, but
previous data suggest that telomeres need to be recog-
nized as damage in G2 of the cell cycle in order to become
fully functional (Verdun et al., 2005). Our current inter-
pretation is that the DNA damage machinery triggers
overhang generation, consequently limiting the cell-cycle
period for loop formation to a period after that event.
The model here predicts that mutation of factors in-
volved in the restart of replication (phase I, Figure 6) leads
to exposure of single-stranded telomeric DNA that will be
susceptible to degradation, leading to telomere shorten-
ing. In agreement with this, mutation or inactivation of
Arabidopsis ATR in a TERT/ background (Vespa et al.,
2005), mammalian RAD9 (Pandita et al., 2006), S. pombe
RAD1 and RAD27 (Dahlen et al., 1998), mammalian and
S. cerevisiaeDNA polymerase a (AdamsMartin et al., 2000;
Nakamura et al., 2005), or S. cerevisiae RAD17 (Parenteau
and Wellinger, 1999) accelerate telomere shortening.
However, inhibition of proteins, such as ATM and TRF2,
involved in DSB processing (phase II, Figure 6) or telomere
maintenance does not lead to a telomere shortening phe-
notype but to telomere end-to-end fusions (Chan and
Blackburn, 2003; de Lange, 2005; Vespa et al., 2005).
Moreover, inhibition of HR proteins leads to telomere
shortening and telomere end-to-end fusions (Jaco et al.,
2003; Tarsounas et al., 2004), suggesting that they might
be required for replication and for formation of a protective
structure.ell 127, 709–720, November 17, 2006 ª2006 Elsevier Inc. 717
HR has been implicated in telomere function, when ex-
pression of a TRF2 allele lacking the N-terminal basic do-
main led to rapid loss of telomeric tracts in a XRCC3-de-
pendent manner (Wang et al., 2004a). Consequently it
has been suggested that the basic domain of TRF2 is in-
volved in protecting the telomere from HR-dependent de-
letion of the t loop, resulting in catastrophic loss of telo-
meric DNA. This report suggests that HR is essential for
formation of a protective structure and that TRF2 is re-
quired for this event, involving TRF2 in protection fromdel-
eterious telomeric HR and in regulation of HR-dependent
telomere protection.
The results presented here reveal that the telomeres are
not hidden from the DNA damage machinery during the
cell cycle and that detection and controlled processing
of natural chromosome ends is an essential step for chro-
mosome end protection.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatments
Human IMR90 (Fibroblasts), KMST-6 (ALT cells), and HeLa cells were
grown in Glutamax-DMEM (Gibco) supplemented with 0.1 mMNones-
sential Amino Acids, 100 U/ml Penicillin/Streptomycin, 15% Fetal
Bovine Serum at 7.5% CO2 and 3% O2.
Synchronization and FACS analysis were performed as described
(Crabbe et al., 2004; Karlseder et al., 1999).
Antibodies, Sources, and Western Blotting
Anti-hTRF1 (Rabbit, #6839) and anti-hTRF2 (Rabbit, #6841) were gen-
erated at The Salk Institute; anti-TIN2 (Rabbit, #864) was kindly pro-
vided by T. de Lange. Commercial antibodies: Anti-hMre-11 (Ab-1,
#PC388-100UG, Oncogene), anti-BrdU (#347580, Becton Dickinson),
anti-g-tubulin (GTU-88, Sigma), anti-Phospho-RAD17 (Ser645)
(#3421, Cell Signaling), anti-ATR (#PA1-450, Affinity Bioreagents),
anti-RPA34 (9H8, #ab2175, Novus), anti-ATM (Ab-3, #PC116-
100UG, Oncogene), anti-RAD17 (H300, #sc-5613, Santa Cruz), anti-
RAD1 (Q18, #sc-14316, Santa Cruz), anti-RAD51 (H92, #sc-8349,
Santa Cruz), anti-RAD52 (H300, #sc-8350, Santa Cruz), anti-FEN1
(BL587, #A300-256A, Bethyl labs), anti-DNA Pol b (N19, #sc-5925,
Santa Cruz), anti-PCNA (#sc-7907, Santa Cruz), anti-DNA Pol a
(N19, #sc-5920, Santa Cruz), anti-XRCC3 (#ab12068, Abcam), anti-
Bloom (#ab5409, Novus), anti-ChK1 (#9931, Cell Signaling), and
anti-NBS1 (#NB100-143, Novus).
As secondary antibodies, HPR-linked anti-Rabbit or anti-Mouse
(Amersham) were used and the signals visualized with ‘‘Supersignal
West Femto Maximum Sensitivity’’ substrate (Pierce).
ChIPs with Synchronized IMR90 Cells
IMR90 cells grown in 15 cm plates were synchronized at the G1/S
boundary as described. ChIPs were performed as described (Verdun
et al., 2005).
Chromatin Br-dUTP Incorporation
ChIP assays with synchronized IMR90 cells were performed as de-
scribed. Before harvesting each time point the cells were incubated
with 10 mM Br-dUTP (Sigma) for 1 hr. After dot blotting, BrdU incorpo-
ration into telomeric DNA was evaluated by western analysis with anti-
BrdU antibodies (Becton Dickinson).
Probes for the D Loop Assay
Oligonucleotide sequences and precise protocols for generation for
the different probes are listed in the Supplemental Data.718 Cell 127, 709–720, November 17, 2006 ª2006 Elsevier IncThe plasmid used for the invasion assay (pSxNEO 540 T2AG3) was
described previously (Hanish et al., 1994).
Nuclear Extract for D Loop Assay
Nuclear extracts were generated as previously described (Lee et al.,
1988) with minor modifications (see Supplemental Data).
D Loop Assay
Nuclear extract (40 mg) was incubated on icewith 10 mg of pSxNEO 540
T2AG3 plasmid (Hanish et al., 1994) and 5 ml of 43Reaction Buffer (un-
less indicated otherwise, 40 mM HEPES, pH 7.6, 40 mM KOAc, 6 mM
ATP, 6 mMCaCl2, 6 mMMgCl2, 4 mMDTT, 2 mg RNase A [Sigma], and
proteases inhibitors [Roche]) in a total volume of 18 ml. Reactions were
initiated by addition of 2 ml (8 ng) labeled probe and incubated at 37C
for 10 min and immediately stopped by mixing with 1 volume (20 ml) of
Stop Solution (3% [w/v] SDS, 5 mg/ml Proteinase K and 1 mM EDTA).
After 15 min of incubation at 37C, 10 ml of loading buffer (70% [v/v]
Glycerol, 0.1% (w/v) Bromophenol Blue) was added and 10 ml of the
mix was loaded onto a 1% (w/v) Agarose-TBE gel with 0.1 mg/ml Ethid-
ium Bromide. After electrophoresis, the gel was dried at 50C for 2 hr
on 3MM Whatman paper. The gel was quickly immersed in deionized
water to remove Whatman paper, exposed, and signals quantified us-
ing a Typhoon 8600 PhosphoImager/ImageQuant System (Amersham
Biosciences).
Protein depletions: 20 ml (50% slurry) of preblocked Agarose Protein
A for Rabbit antibodies or Protein G for Mouse antibodies were incu-
bated in 13 PBS with 5 mg of a specific antibody or purified Rabbit
IgG for 30 min at 4C. Then the Agarose beads were washed three
times with Buffer D (80mMKOAc, 0.2mMEDTA, pH 8, 20% [v/v] Glyc-
erol, 20 mM HEPES, pH 7.6) and incubated with 240 mg of nuclear ex-
tract at 4C for 30 min under gentle agitation. Finally, the sample was
spun at 3000 3 g for 1 min and 40 mg were used for the D loop assay
and western analysis.
Supplemental Data
Supplemental Data include Experimental Procedures, one figure, and
one table and can be found with this article online at http://www.cell.
com/cgi/content/full/127/4/709/DC1/.
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